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ABSTRACT: Extensive quantum chemical DFT calculations
were performed on the high-resolution (1.9 A) crystal
structure of photosystem II in order to determine the
protonation pattern and the oxidation states of the oxygen-
evolving Mn cluster. First, our data suggest that the
experimental structure is not in the S;-state. Second, a rather
complete set of possible protonation patterns is studied,
resulting in very few alternative protonation patterns whose
relevance is discussed. Finally, we show that the experimental
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structure is a mixture of states containing highly reduced forms, with the largest contribution (almost 60%) from the S_;-state,

Mn (ILILIILII).!

B INTRODUCTION

Photosystem II (PSII) is one of the fundamental protein
complexes that govern life on earth.” It catalyzes the
decomposition of water into protons, electrons and produces
molecular oxygen as waste product. This light-driven
endoenergetic reaction is performed by the oxygen-evolving
complex (OEC), which contains a manganese cluster. Under-
standing the mechanism of the OEC in PSII is a tremendous
challenge for the scientific community. It is central to develop
artificial photosynthetic systems that can solve the existing
energy problem producing oxygen and hydrogen from water
with solar power.

In the past decade, several scientific groups solved the
structure of PSII by X-ray crystallography improving the
resolutions from 3.8 A 3.7 A,* 3.5 A° 3.0 A® to 2.9 A.” The
crystal structures clarified that the Mn cluster of the OEC is a
Mn,Ca complex. However, important structural details, such as
for instance the position of the p—oxo bridges and water
ligands, were lacking. In addition, the Mn cluster may have
suffered radiation damage by X-ray photo-reduction,g_10 due to
the intensive synchrotron radiation during the measurements.
We would like to remark that a number of theoretical studies
based on the previous lower resolution structural data®~” were
performed that focused on the structure and function of the Mn
cluster,"' ™"

In 2011, however, the structure of PSII was solved with an
unprecedented level of accuracy (1.9 A resolution),'® which
revealed new details. In particular, the cubane-like Mn cluster
(with the chemical composition of Mn,CaQy) is constituted of
a Ca atom and three Mn atoms, connected by four oxygens
(01, 02, 03, OS) as well as an “external” Mn (Mn4)
connected via OS and a fifth oxygen atom (04) (Figure 1).
Importantly, in the high-resolution crystal structure, all ligands
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of the Mn cluster were determined, four of which were
identified as water molecules.'® With these important structural
details, a new round has been opened in the effort to
understand the function of the Mn cluster in PSIL

To reduce X-ray damage, a slide—oscillation technique was
employed'® that should ensure the Mn cluster to remain in the
dark-stable S,-state [Mn(IILIILIV,IV)]. However, a possible X-
ray photo-reduction of the Mn cluster may have occurred, and
has become a matter of debate.”'® In fact, it is now believed
that the Mn cluster is in a more reduced state. A recent
computational study on the Mn,CaOj cluster'” put forward the
hypothesis that the crystal structure'® corresponds to a mixture
of different oxidation states rather than simply to the S,-state.
Yet, the precise nature of the oxidation state of the catalytic
center in the PSII crystal structure is still an open question.

Besides the uncertainty about the oxidation state of the Mn
cluster, the PSII crystal structure cannot show the protonation
pattern of the py—oxo oxygens and Mn ligands. This
information is, however, crucial to provide a detailed
description of the catalytic mechanism of water oxidation at a
molecular level. Very recently, two more theoretical studies
based on the PSII high-resolution structure appeared.'®*’
These studies did not solve the uncertainty about the oxidation
and protonation state of the Mn cluster in the PSII crystal.

Alternative structural information on the PSII Mn cluster can
be obtained from EXAFS spectra.'®*' They yield very precise
information, but need complementary data, for instance, from a
crystal structure, to build a complete three-dimensional
molecular model for systems as complex as the Mn cluster in
PSII. EXAFS spectral data are recorded at much lower X-ray
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Figure 1. Complete OEC-model considered in the guantum chemical
computations based on the PSII crystal structure.'® The structure is
shown schematically with Mn,CaOjs-cluster, ligands and nearest
neighbor residues. The atoms of the Mn,CaOj cluster are highlighted
by using large spheres. Ca and Mn metals are shown as orange and
violet spheres, respectively. The five oxygens bridging Mn and Ca are
shown as large red spheres. The numbers denoting the Mn and O
atoms of Mn,CaOj cluster are given inside the spheres. For the sake of
clarity, water molecules are represented only by the oxygens (small red
spheres) with corresponding residue numbers. We make use of the
following notation: W1, W2, W3, and W4 for the water ligands
HOH1000, HOH999, HOHS541, and HOHS40, respectively. Ligand
atoms are connected with corresponding atoms of Mn,CaOjs by solid
lines; hydrogen bonding partners are connected by dashed lines. The
acidic group A344 is a C-terminal alanine.

intensity than protein crystal structures.”’ Therefore, those
results are not subject to radiation damage. However, no
EXAFS spectra of the Mn cluster in highly reduced states are
available. Hence, these data cannot be used to identify such
states.

In this work, the structural features of both oxidation and
protonation states of the Mn cluster are addressed by
performing extensive density functional theory (DFT)
calculations on the most recent high-resolution PSII crystal
structure'® (Figure 1). Our data confirm that the excess of
electrons generated by synchrotron radiation caused radiation
damage, and in fact indicate that the PSII crystal structure
contains a combination of different highly reduced OEC states.

B RESULTS AND DISCUSSION

Oxidation States of Mn,CaO5 and Protonation States
of W2 and His337. First, we would like to remark that the
monomer A of the high-resolution PSII crystal structure'® was
employed in all calculations, since it is more complete. In the
S,-state, the total charge of the OEC-model (OEC-charge) as
displayed in Figure 1 is +1, if we agree that all considered
crystal waters are H,O, all acidic groups deprotonated, all basic
groups protonated, all histidines neutral, Tyr161 protonated
(charge neutral), and all five i—oxo oxygens deprotonated. The
corresponding charge of the Mn-CORE (Mn,CaOs) alone,
without the six acidic ligands and the basic R357, is +6.

On the basis of a careful analysis of the PSII crystal structure,
several alternative protonation patterns of Mn,CaOgs, W2 and
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His337 were investigated (Figure 2) and are briefly discussed
here. The short distance between the positively charged

Figure 2. Protonation states in the OEC-model. Only relevant
molecular groups are shown. Gray spheres show hydrogen atoms,
which we consider to be present in S; and the more reduced states.
Hydrogen bonding partners are connected by dashed lines. Green
colored spheres show positions, which may be occupied by protons
resulting in a total of 2° X 32 = 72 different protonation patterns. In a
first stage, the protonation of W2 and His337 is fixed resulting in 2 X
3% = 18 possible protonation patterns.

hydrogen atoms of Arg357 and O2 should prevent the p—
oxo oxygen from carrying a hydrogen atom. In fact, O2 is very
likely to act as hydrogen bond acceptor group (Figure 2).
Oxygen O1 may either carry one or no hydrogen atoms, while
the possibility that O1 may bind two hydrogen atoms is ruled
out, since it is strongly bound to two Mn atoms (Mn—O1
distances of about 1.8 A) and to one Ca atom (Ca—O1 distance
2.5 A). Oxygen O4 is only bound to two Mn atoms (Figure 2).
Albeit connected with three Mn and the Ca, oxygen OS is only
loosely bound to Mn1 and Mn3 with rather large distances of
about 2.6 A. Therefore, both oxygens O4 and OS may bear
none, one or even two protons. The protonation state of O3
depends on that of its H-bond partner His337. The distance of
2.6 A between O3 and N,"3% indicates that O3 and His337
are strongly hydrogen-bonded'® and should share one proton.
Thus, for all five p—oxo oxygens of the Mn cluster, all
reasonably possible protonation pattern scenarios are consid-
ered.

According to monomer A of the PSII crystal structure,'® the
bond length of Mn4 to the W2 water oxygen is by 0.14 A
shorter than that to the W1 water (Mn4—O"" distance 2.22 A).
This may be an indication that W2 is in the deprotonated form
OH™, although the differences are within the experimental
uncertainty and make it difficult to discriminate between the
OH™ and H,0 forms of the two waters. In contrast, in
monomer B,'® the bond lengths (Mn4—O"! and Mn4—0"?)
have practically the same values (difference 0.03 A). In fact, the
average bond lengths of the two water oxygens (W1 and W2)
to Mn4 are nearly the same for the monomers A and B, both
about 2.15 A. For W1 we can exclude the OH™ form, since it
has two H-bond partners functioning as H-bond acceptors
(—COO"~ group of Asp61 and the backbone —C=0 group of
Ser169). However, for W2, both forms, OH™ and H,0, may be
possible and therefore are taken into account in our
calculations. All other titratable residues considered here are
kept in the standard protonation state, that is, acidic groups and
histidines are deprotonated, except for His337; crystal waters
are considered to be charge neutral except for W2; Tyr161 is
protonated (charge neutral).
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Table 1. Results of Quantum Chemical Computations (rmsd, Energy, OEC-Charge) in the S,-State Are Given for the Stage 1,
Considering 18 Different Protonation Patterns of the Mn-CORE with Variable Protonation for O1, O4, and OS while the

Protonation of W2 (OH™) and His337" Is Fixed”

cha.rge group no. protonation state
I 1. 05-04
1I 2. OSH-04
3. 05-04H
4. 05-04-01H
it S. OSHH-04
6. OSH-04H
7. 05-04HH
8. OSH-04-01H
9. 05-04H-01H
v 10. OSHH-04H
11. OSH-04HH
12. OSHH-04-01H
13. OSH-04H-0O1H
14. 05-04HH-O1H
v 1S. OSHH-04HH
16. OSHH-04H-O1H
17. OSH-04HH-O1H
VI 18. OSHH-0O4HH-OI1H

rmsdcorg [A]

relative energy [kcal/mol] OEC—chargeb

0.276 0.00 +1
0.227 24.39 +2
0.280 0.00
0.285 8.63
0.289 19.23 +3
0.219 0.00
0.265 26.07
0.202 30.22
0.257 2.89
0.231 1341 +4
0.272 8.03
0.267 41.24
0.212 0.00
0.274 13.60
- - +5
0.242 5.38
0.285 0.00
- - +6

“For simplicity we left out the suffix —His337*—W2~ when characterizing the protonation. The rmsd values of the Mn-CORE are given relative to
the coordinates of the PSII crystal structure.'® Different states with the same number of protons are grouped together. Relative energies are
comparable only within the same charge group. In each charge group, the OEC-model with lowest energy is rendered in bold. The corresponding
absolute energies are given in Table S1 of Supporting Information. bTotal charge of the OEC-model as depicted in Figure 1. “Deprotonates

spontaneously during geometry optimization.

From this analysis, it is clear that the number of 72 possible
protonation patterns (see Figure 2), which need to be
considered in combination with six possible oxidation states
(S;—S_,) is very large. To investigate the properties of all these
states at the DFT level would be computationally too
demanding (each of the models contains between 141 and
146 atoms). To achieve a trade-off between completeness,
accuracy and efficiency, a three-stage procedure was employed.

Stage 1 (Protonation of Mn-CORE): since the Mn,CaO;
cluster (Mn-CORE) was claimed to be in the S,-state,'® we
started with this assumption searching for the most likely
protonation patterns of the central Mn,CaOjs-cluster. In this
stage (and the following stage 2), the protonation pattern of
W2 and His337 was kept fixed to be OH™ and His’,
respectively, resulting in a total of 18 possible protonation
states (see Figure 2). In stage 3, where we have considered the
more reduced states, this restriction was relaxed.

Stage 2 (Oxidation of Mn-CORE): having determined the
most likely protonation states of the Mn-CORE in stage 1,
different oxidation states, including highly reduced states each
with a range of possible protonation states, were explored in
stage 2.

Stage 3 [Protonation of Mn-CORE-extended (Mn,CaO;—
W2-His337)]: based on the most promising protonation
patterns of the Mn-CORE determined in stage 1 and 2, the
protonation of the ligands W2 and His337 was also refined.
This was carried out in two phases: first, the most likely
protonation pattern was determined in the S;-state; then, more
reduced states of the Mn cluster were also explored. More
details on the procedure are discussed in the Computational
Methods.

In all computations carried out in the present study, the main
criterion used to identify the proper oxidation and protonation
states is the agreement with the PSII crystal structure.'® The
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electronic energy is only used as a second rank criterion. States
of the Mn cluster, which differ only in the alignments of local
Mn spins, can be very close in electronic energies22
therefore difficult to discriminate energetically. But, at the same
time, they virtually possess the same geometry,™ that is, the
precise nature of the local spin alignment is not critical for the
present study. Electronic energies of complex systems like the
Mn cluster are only comparable, if one considers the same
oxidation state and the same number of protons. We used such
energy comparison only for the S;-state of the Mn cluster (see
Table 1). Details on the choice of the local spin alignments are
described in the Computational Methods, section on Quantum
Chemistry.

Stage 1: Protonation of Mn-CORE. In stage 1, all possible
18 different protonation patterns of the Mn-CORE were
explored in the S-state (see Figure 2). The 18 protonation
states were sorted into six groups, which differ by the total
charge of the OEC-model. Models belonging to the same group
contain the same number of atoms. Therefore, a direct energy
comparison is possible. Computed relative energies and root-
mean-square deviations of the Mn-CORE (rmsdcqpg) from the
crystal structure are given in Table 1.

Our data suggest that the protonation patterns OSHH-—
O4HH and OSHH—-04HH—-O1H (entries 15 and 18 in Table
1) are not stable in the S;-state, that is, the oxygen atom O4
spontaneously loses a proton during geometry optimization.
Therefore, these models were not considered for further
analysis. In addition, comparison of relative energies within
each charge group reduces the number of the possible OEC-
models to five (bold characters in Table 1). For these five
structures, further calculations in different oxidation states (S,
to S_,) were performed in stage 2. In group III, the energy
difference between the OEC-models 6 and 9 is too small

and are
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(smaller than 3 kcal/mol) to exclude the latter. Therefore,
model 9 was considered also in stage 2 for further calculations.
The smallest rmsd value of the 16 stable Mn-CORE
structures considered in the S;-state (Table 1) is slightly
above 0.2 A. This is larger than the average precision of the
atomic coordinates in the hi%h resolution PSII crystal structure,
0.16 A.'® Previous studies™ demonstrated that atom pair
distances of simple manganese model clusters optimized at
DFT level deviate less than a few hundreds of angstroms from
crystal structures. Similar results were also reported in our
recent work where the same level of theory was employed to
study di-manganese clusters.”* It was also found that two
geometrical parameters (Mn—Mn and Mn—O distances) are
particularly sensitive to protonation changes. Interestingly,
specific Mn—Mn and Mn—O distances vary significantly with
the protonation pattern. The maximum distance changes
observed in our computations are about 0.44 A for Mn4—04
and Mn4—O0S. Variations of these two distances between
computed and crystal structures are indeed the main
contributors to the rmsd values of the Mn-CORE (Table 1).

Stage 2: Oxidation of Mn-CORE. Considering the
intensity of synchrotron radiation in the experiments, the
OEC may be reduced to states below S,. To explore this point,
an additional five oxidation states were investigated besides the
S,-state. These are schematically Sy[Mn,(ILIILIV,IV)],
S_,[Mn,(1L,IIL,IIL,IV)], S_,[Mn,(1L,111,111,111)],
S_y[Mn,(ILILILII)], and S_,[Mn,(ILILILII)]. With the
present quantum chemical approach, the total oxidation states
of the Mn cluster are precise, while the degrees of oxidation of
the individual Mn are fractional as is the case for real multicore
transition metal complexes. Integer valued oxidation states of
individual Mn can be enforced only by applying artificial
constraints. In this sense, notations about the oxidation state of
the Mn cluster like Mn,(ILILILII) serve only as a rough
orientation. The precise fractional oxidation states of the four
Mn can be inferred from local spin densities that are given in
Table S10 of the Supporting Information.

Two definitions of rmsd values relative to the PSII crystal
structure were considered. The rmsdcggg involves only the 10
atoms of the Mn-CORE. The rmsdcogg,non includes also the
oxygen atoms of the crystal waters HOH358, HOH428,
HOH446, HOHS38, HOHS39, HOHS42, HOH923,
HOHS40, HOHS41, HOH999 (W2), and HOH1000 (W1).
The other ligands of the Mn cluster are not considered in rmsd
values, since they are fixed in their crystal structure position.
The results for the most promising OEC-models 1, 3, 6, 13, and
17 are displayed in Figure 3.

Figure 3 shows that the smallest deviations from the
experimental structure were obtained for the protonation
pattern of model 6 (OSH—O4H—His337*—W2~). Deviations
are even smaller when the Mn,CaO;~ cluster is reduced to the
S_s-state, which corresponds to the formal oxidation state
Mn, (ILILILII). This agreement with the crystal structure of
the Mn cluster confirms previous hypothesis,® '*'”'® and
strongly suggest that the PSII crystal has suffered reductive
damage due to excess synchrotron radiation. Notably, the
rmsdcopg of model 6 is only 0.162 A (rmsdcoggsnon = 0.120
A) in the S_j-state, which is in the range of the experimental
uncertainty (~0.16 A).'® Thus, according to our data, the
protonation pattern of model 6 is the most suitable to the PSII
crystal structure. Therefore, model 6 was considered for further
calculations in stage 3, where the protonation of the Mn-
CORE-extended (Mn,CaO;—W?2-His337) was considered.
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Figure 3. Dependence of rmsdcogg (2) and rmsdcogg.non (b) on the
oxidation states of the OEC-model observed for models 1, 3, 6, 13, 17,
and 6C. The OEC-models (excluding 6C) use for W2 the OH™ form
and His337*. Model 6C (open circles, dashed line) considers W2 in
the H,O form. For the sake of clarity, the large rmsd values of model 9
are not included in the graphs. The numerical values of the rmsd
values for models 1, 3, 6, 9, 13, and 17 are given in Table S3 of the
Supporting Information.

Stage 3: Protonation of the Mn-CORE-Extended. On
the basis of the protonation state of model 6 (OSH—O4H—
His337*—W2"), three additional protonation patterns were
explored in stage 3. By changing the protonation of W2 and
that of His337, models 6A, 6B, 6C were obtained (Table 2). In
line with the results of the selection procedure applied in stage
1, the analysis of the relative energies suggest model 6C has the
most relevant protonation state in charge group IV, while those
of models 6A and 6B are not likely (Table 2). To find the best
match between model and experimental structure, the structure
of model 6C was optimized in different oxidation states, from
S, to S_, (Table S3). Notably, the lowest rmsdcogg (0.164 A)
of model 6C was found in the S_,-state (Figure 3, Table S3).

Interestingly, when the degree of reduction increases from S,
to S_;, the excess proton at His337* in models 6 and 6C is
spontaneously transferred to O3 during geometry optimization.
While this transfer occurs between states S_, and S_; for model
6, it happens already between the oxidation states S_; and S_,
for model 6C. Remarkably, this finding agrees well with our
recent results obtained via a DFT-based empirical model that
qualitatively predicts protonation patterns of small manganese
clusters from their structure.”*

As a result of the three-stage procedure, two possible
protonation patterns (6 and 6C, see Figure 4) were found that
have comparable rmsdcopg values in the reduced S-states
(Figure 3, Table S3). Both OEC-models show structural
variations with the oxidation states. The smallest deviations to
the crystal structure are observed for model 6 and 6C in the
S_;- and S_,-states, respectively. A detailed analysis of specific
structural parameters of these two Mn cluster models shows
that model 6C deviates from the crystal structure more
significantly than model 6. In particular, the maximum
deviations are 0.24 A (Mn2—02 bond) and 0.17 A (Mn3—
02 bond) for model 6C and for model 6, respectively (Figure S
and Table S4). Indeed, model 6 shows the smallest rmsdcorg
(0.16 A) and rmsdcogg.non (0-12 A), to be compared to 0.164
and 0.156 A, respectively, of model 6C. Additionally, the bond
lengths of Mn4 to the ligand waters W1 and W2 are
reproduced by model 6 within the experimental uncertainty,
while for model 6C, the discrepancies are larger (Table SS).
Thus, the data obtained through the three-stage procedure

dx.doi.org/10.1021/ja300254n | J. Am. Chem. Soc. 2012, 134, 7442—7449
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Table 2. Protonation States of the S,-State of the OEC-Models 6A, 6B, and 6C from Stage 3 (Protonation of Mn-CORE-
Extended) Are Compared with the Models 3, 6, and 13 from Stage 1 (Protonation of Mn-CORE)“

cha.rge group no. protonation state
I 3. 05—04H—His337'*—W2~
6A. OSH-04H—-His337°-W2~
1 6. OSH—O04H—-His337"—W2~
6B. OSH-04H—-His337°-W2°
v 13. OSH—04H-0O1H—-His337"—W2~
6C. OSH—O04H—-His337"—W2°

rmsdcore [A] relative energy [kcal/mol]

0.280 0.00
0221 16.19
0.219 0.00
0227 25.31
0212 13.85
0.252 0.00

“The rmsd values are given relative to the PSII crystal structure.' Relative energies are comparable only within the same charge group where the
protonation states involve the same number of protons. The models with lowest energy in each group are rendered in bold.

Figure 4. Protonation patterns of the two OEC-models (6 and 6C) of
lowest energy and small rmsd values. Hydrogen atoms that were
subject to variations in considered the protonation patterns are colored
black. Model 6C differs from model 6 in possessing one additional
hydrogen atom at the water W2, which is highlighted in yellow. Model
6 exhibits in the S_s-state the smallest deviation to the crystal
structure, while model 6C shows nearly the same amount of deviation
in the S_,- and S_j-states. Hydrogen bonding partners are connected
by dash lines.

Figure S. The deviations of the computed bond lengths from the
values in the high-resolution PSII crystal structure are given for the
OEC-model 6 (green) in the S_j-state and for the OEC-model 6C
(red) in the S_,-state. For the sake of clarity, only deviations larger in
absolute value than 0.13 A are shown. A complete list of these bond
lengths deviations is given in Table S4.

strongly suggest that the most likely protonation pattern of the
OEC in the high-resolution PSII crystal structure’® is that of
model 6. Interestingly, calculation of rmsdcogg relative to
monomer B of the PSII crystal structure confirms the small
deviation (0.16 A) for model 6 and the larger deviation for
model 6C (0.195 A) (Table S6) supporting our conclusion on
the proper oxidation and protonation states in the crystal
structure.

Protonation Pattern and Total Charge of the OEC-
Model in the S;-State. The most likely protonation pattern
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(model 6: OSH—04H—His337*—W2") of the OEC-model in
the S_s-state comprising the Mn-cluster and all its ligands (see
Figure 1) has an overall charge of —1. In the more oxidized
dark adapted S,-state, this protonation pattern corresponds to a
total charge of +3 for the OEC-model. However, a larger
portion of this charge is localized at two positively charged
ligands (Arg357 and His337), while a residual charge of +1 is
delocalized over the other components of the Mn cluster.
Transition metals of this size are able to host such an excess
positive charge. For the function of the Mn cluster in PSII, it
may even be useful that the resting S;-state is loaded with
moderate positive charge. Nevertheless, we also explore
alternative protonation pattern, where the Mn cluster carries
less positive charge in the S;-state. Thus, we considered that the
OEC may carry in the S;-state one or two protons less than in
the S_;-state removing one or both of the protons at O4 and
OS. Thus, we implicitly assume that the degree of protonation
of the OEC may have increased during the exposure of only a
few seconds to synchrotron radiation even at liquid nitrogen
temperatures.

At such low temperatures, equilibrated low energy protons
may still be mobile within H-bonds but may hardly move over
larger distances. The only proton, which is readily available
under these conditions, is the excess proton at His337. This
proton is present in the OEC-models 6C and 6. During the
geometry optimization of these models, this low energy proton
indeed moves spontaneously from His337* to O3 when the
oxidation state of the OEC is S_,/S_; or lower. Conversely,
energized excess protons may move along proton-transfer
pathways formed by H-bond networks of titratable groups and
water molecules. Several such proton-transfer pathways
originate from the Mn cluster.>”*37%® If such energized, excess
protons are available, they could compensate for the
accumulation of excess electrons localized in the Mn-CORE
of the highly reduced S_j-state. Thus, one may consider the
degree of protonation and its pattern found for the S_;-state as
an upper limit of the protonation pattern in the S,-state. We
would like to remark that previous studies based on the high
resolution PSII structure generally considered no protons on
p—oxo oxygens in the S;-state."'”'*'¥?® The corresponding
total charge of the OEC-model (Mn cluster with the positively
charged Arg357 and its other ligands as displayed in Figure 1)
in the S;-state is than +1.

Role of Radiation Damage. It is generally agreed that
synchrotron radiation can generate high energy electrons in a
protein crystal, which in turn can create an avalanche of
energized secondary electrons. These excess electrons can
travel in a very short time over large distances through the
protein crystal even at low temperatures. While doing so, they
may find a suitable electron hole and recombine, and/or attach
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Table 3. Protonation States of the S;-State of the OEC-Models 1B, 1C, 2A, 2B, 2C, 3A, 3B, and 3C from the Mn-CORE-
Extended (Mn,CaO;—H337—W2) Are Compared with the Protonation States of the Models 1, 3, and 6 Obtained from Stage 1°

cha.rge group no. protonation state

I 1. 05—04—H337"-W2~
2A. OSH-04—-H337°-W2~
3A. 05-04H—-H337°-W2~
1B. 05—04—H337°-W2°

1I 3. 05—04H—H337"—W2~
1C. 05—04—H337"—-W2°
2B. OSH—-04—-H337°-W2°
3B. 05—04H—-H337°-W2°

I 6. OSH—04H-H337"—W2~
2C. OSH—-04—H337"-W2°
3C. 05—04H—H337"—W2°

rmsdcorg [A]

relative energy [kcal/mol] OEC charge”

0.276 0.40 +1
0.268 16.52
0.280 7.87
0.284 0.00
0.280 9.12 +2
0.279 0.00
0.246 20.13
0.285 28.59
0.219 13.30 +3
0.236 0.00
0.285 10.56

“The rmsd values are given relative to the PSII crystal structure. The energies are comparable only within the same charge group where the
protonation states involve the same number of protons. The models with lowest energy in each group are highlighted in bold characters. The
corresponding absolute energies are given in Table S7 of Supporting Information. “Total charge of the OEC-model as depicted in Figure 1.

to an electron trap, as, for instance, the redox-active Mn cluster
of PSIL It is thus not surprising that, even for short exposures
to intensive synchrotron radiation at temperatures of liquid
nitrogen, the Mn cluster of PSII may become highly reduced.

Having established that reduction via radiation damage may
occur, the question is: are there also energized protons available
in PSII under these conditions? In recent studies on protein
crystal structures, the formation of H, gas was observed durin%
the exposure of the crystal to intense synchrotron radiation.”
Simultaneously, this caused a loss in high-resolution structure
information. Interestingly, organic compounds rather than
water molecules were identified as sources of the hydrogen
atoms. Precursors of the emerging H, molecules are likely
hydrogen atoms and protons. These protons are in an
energized state and if created close enough to the Mn cluster,
they may attach to it quickly also at liquid nitrogen
temperatures. Hence, one or both of the y—oxo oxygens O4
and OS may carry no proton in the S,-state preceding the X-ray
radiation.

Model 6 is the structural model of the Mn cluster, which in
the S_j-state agrees best with the high-resolution crystal
structure. However, based on the above remarks, we also
explored the possibility of Mn cluster models that bear fewer
protons in the S;-state than does model 6 (Table 3).
Interestingly, models 1C and 2C (where W2 is the neutral
H,0) are energetically more stable in the S;—state than the
alternative models of the same charge groups (II and III) with
OEC-charge +2 and +3, respectively. In charge group I (OEC-
charge +1) model 1B is only slightly more stable than model 1.
However, lowering the oxidation state for those three OEC-
models (1B, 1C, 2C) results in rmsd values relative to the
crystal structure (Table S8) much larger than for the model 6.
Notably, model 2C, when in the S;-state, is about 13 kcal/mol
more stable than model 6, whose protonation pattern likely
pertains to the S_;-state of the PSII crystal structure. Hence, we
conclude that the protonation pattern of model 2C is likely a
candidate for the S,-state of the Mn cluster. However, OEC-
models with the lower total charge (+2 for model 1C and +1
for model 1 and 1B, see Table 3) may also be possible. As the
level of reduction increases, model 6 becomes more likely.
Unfortunately, the models 1B (1), 1C, 2C (Table 3) can
energetically not be compared, since they differ in the number
of protons. Although, it is not likely that the protonation state
of the Mn cluster in the high-resolution crystal structure differs
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much from the S;-state (as we assumed in our approach), we
cannot exclude that protonation patterns with less protons may
be relevant in the S;-state.

Combined OEC-Model Structure. The set of optimized
OEC-model structures discussed in the previous sections was
also employed to estimate the simultaneous contribution of
different S-states to the structure of the OEC in the PSII crystal.
To do so, a linear combination of OEC structures based on
model 6 at different oxidation states (S;—S_, with the
protonation pattern of model 6) was calculated according to
eq 1, as described in the Computational Methods. This analysis
reveals that the OEC structure is a mixture of S_, (2%), S_;
(56%), S, (16%), S_; (12%), and S, (14%) (Figure S3).
Therefore, the S_;-state is by far the main contribution to the
electron density of the Mn cluster in the PSII crystal structure.
Importantly, the rmsd values of the combined OEC structure
based on quantum chemical computations is significantly
smaller (rmsdcorg = 0.135 A and rmsdcopp,gog = 0.105 A)
relative to the crystal structure compared to the OEC structure
of the pure S_j-state. These results are consistent with the
assumption that the S,-state is present in the PSII crystal before
the exposure to synchrotron radiation and that during the X-ray
measurements, the Mn cluster is converted to highly reduced
forms.

B CONCLUSIONS

On the basis of the newest high-resolution (1.9 A) crystal
structure of PSIL'® multiple protonation patterns combined
with different oxidation states of the oxygen-evolving complex
were investigated. The oxidation state S, was initially studied,
since it is the oxidation state in which the PSII crystal was
prepared. By employing a three-stage procedure, the most
reasonable 72 protonation patterns and six different oxidation
states (S, to S_,) were explored. The best agreement with the
experimental structure was found for the OEC-model 6 in the
S_s-state. This structure shows deviations from the PSII crystal
structure, which are within the experimental uncertainty of the
atomic coordinates of about 0.16 A. A detailed analysis of the
bond lengths (Figure S) confirms that the most likely
protonation pattern is that of model 6 as depicted in Figure
4. Therefore, for this protonation pattern, all possible oxidation
states were explored. In line with previous studies,”'*'”'* our
data strongly suggest that the PSII crystal has suffered radiation
damage and the Mn cluster is most likely in the S_j-state.
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A linear combination of the optimized structures based on
the OEC-model 6 in different oxidation states strongly suggests
that the S_j-state contributes dominantly to the electron
density of the crystal structure. The hypothesis that the OEC in
the PSII crystal structure may be a mixture of lower oxidation
states was recently put forward.""” Our work confirms and
quantifies this finding, that is, the main contribution (nearly
60%) is from the S_;-state.

While being reduced, the Mn cluster may also increase its
degree of protonation, as energized, excess protons are
generated by synchrotron radiation in the protein simulta-
neously with free electrons. According to our results, the
protonation pattern of model 6 is the most suitable for the S_;-
state, where the OEC-charge is —1. In the S;-state, however, the
same protonation pattern would result in a Mn cluster with a
charge of +3 for the OEC-model (Figure 1), which may be too
positive. In model 6, both y—oxo oxygens connected with the
dangling manganese Mn4, O4 and OS, carry a proton. In this
sense, model 6 can be considered as a limit state with maximum
degree of protonation. In the S;-state the Mn unit, Mn,CaOs—
H337—W?2, may carry less protons, but not necessarily at other
positions than in model 6.

To avoid a large positive OEC-charge of +3 in the S,-state as
for instance in model 6, the two pi—oxo oxygens O4 and OS
may carry no protons. This condition is fulfilled in the models
1, 1B and 1C, where the OEC-model carries total charges of +1
and +2, respectively (Table 3). With a total charge of +2 in the
S,-state the most appropriate protonation pattern of the OEC-
model is 1C (Table 3). In this OEC-model, there are no
protons on OS5 and O4, W2 is a charge neutral water and
His337 protonated. However, to confirm the protonation state
of the Mn cluster in the S;-state, computations of the pK,
values of the different possible protonation pattern of the Mn
cluster will be necessary. Such computations would require
high-level quantum chemistry combined with an electrostatic
approach that can account for the long-range charge—charge
interactions in the protein environment. However, it is unclear
whether such computations can be performed for the Mn
cluster at the necessary accuracy of 1 to 2 pH units with the
methods available up to now.

The oxidation state S_; predominant in the PSII crystal
structure is functionally not relevant but may exhibit structural
details and protonation pattern that are closely related to the
dark adapted functional S;-state. A precise and structurally
faithful understanding of the protonation pattern in the S_;-
state is an important anchor point to construct the oxidation
and protonation states involved in the Kok reaction cycle of the
OEC. Hence, analyzing the nature of the state of the Mn cluster
in the PSII crystal structure provides the crucial information
that is necessary for a first step toward understanding of OEC
function.

B COMPUTATIONAL METHODS

Quantum Chemistry. All DFT calculations were carried out with
Jaguar 7.7.3° Geometry optimizations were performed using the
B3LYP*>'™** functional combined with LACVP,* an effective core
potential for transition metal atoms and 6-31G** basis set for all other
atoms. This level of theory has been shown to reproduce accurately
experimental structures of Mn clusters similar to those studied
here.!"**

The correct local spin alignment of the individual Mn metal centers
of the OEC is not obvious. Using a broken symmetry approach, it was
found that electronic energies of the Mn cluster in the same oxidation
state but with different local spin alignments can be very close.”* We
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used the total sgin S = 0, as determined for the S;-state from EPR-
measurements,>® which corresponds to antiferromagnetic coupling.
Details on the local spin densities of the four Mn obtained by Jaguar
7.7% are given in the Supporting Information. Since the optimized
geometries of the Mn cluster are virtually independent from the spin
alignment,” this procedure is not critical for the present application.

OEC-Models. The Mn,CaOg cluster and the protein ligands
Asp170, Glul89, His332, Glu333, Asp342, Ala344, Glu354, as well as
water molecules HOHS40, HOHS41, HOH999, HOH1000 were
included in the DFT calculation together with further 13 nearby
residues (Tyrl61, His190, His337, Arg357, HOH358, HOH428,
HOH446, HOH538, HOH539, HOH542, HOHS43, HOHS548,
HOH923)"® involved in hydrogen bonds with Mn,CaOs or its
ligands. We henceforth define this molecular setup as OEC-model (see
Figure 1). The OEC-models used in this study were constructed based
on the PSII crystal structure of monomer A.'® In monomer B, a
number of cofactors are missing, which are however not critical for
OEC function.'® The rmsd values of OEC-model atoms and especially
of Mn,CaQj atoms between monomers A and B are less than 0.12 A.
The rmsd value for water molecules included in OEC-model between
two monomers is, with 0.165 A, slightly higher, but still within the
experimental uncertainty. The total number of atoms of the considered
OEC-models ranges between 141 and 146, depending on the
protonation states. Note that we make of use of the following
notation: W1, W2, W3, and W4 for the water ligands HOH1000,
HOH999, HOH541, and HOHS540.

Geometry Optimization. To geometrically constrain loose ends
of residues on the boundary of the considered OEC-model, the atoms
of Tyrl61, His190, His337, Arg357, Asp170, Glul89, His332, Glu333,
Asp342, Ala344, Glu354 and the water oxygens of HOHS43 and
HOHS548 were fixed in all quantum chemical computations. Similarly,
spatially fixed dummy atoms [Asp61(Cg, C,, Oz, Op,), Serl69(C,, Cp,
0,), Asn181(Cy, C,, Op, Os,), HOH398(O) and HOH778(0)] were
used to constrain artificially defined torsion angles of the OEC-model
(see Figure S1). To achieve a trade-off between number of atoms and
computational efficiency, amino acid residues were truncated as
follows: Asp and Glu were represented by acetates, His by imidazoles;
Tyr by phenols and Arg by guanidinium ion. Hydrogen atoms were
added by taking into account the standard protonation state of
residues at physiological pH. As described above, alternative
protonation patterns of the OEC-model and its ligands W2 and
His337 were considered.

To optimize the geometry of the OEC-model, a three-step
procedure was employed: (1) only hydrogens were optimized; (2)
geometry optimization was carried out with fixed experimental torsion
angles; (3) Mn,CaO; geometry was optimized by fixing all non-
hydrogen atoms not belonging to it.

Energy Calculation. The protein environment, which is not
included in the OEC-model explicitly, was represented as a dielectric
continuum with dielectric constant & = 15. The strategy for the correct
choice of the dielectric constant for a protein environment is discussed
in the literature.>”*® These protein environment contributions to the
OEC-model energy were evaluated as solvation energy, computed by
solving the Poisson equation with the program module “Solvate” from
MEAD.** The atomic partial charges used in “Solvate” were
calculated as described in previously*' using the RESP procedure.***
Solvation parameters like solvent probe radius (1.4 A) and atomic radii
of the OEC-model were also adopted from the literature.*' These are
(in A) for H, C, N, O, and Mn, 1.0, 1.65, 1.60, 1.60, and 148,
respectively.

Exploring Protonation States. In the first stage (protonation of
Mn-CORE), all possible protonation states of O1, O4 and OS in
Mn,CaOyj were explored. W2 kept fixed as OH™ and His337 was kept
protonated. By comparing the energies (see Table 1), the optimal
protonation patterns of the Mn,CaO; were determined at this stage.
The protonation patterns selected in the first stage were further
considered for calculations in the second stage (oxidation of Mn-
CORE), where the additional five oxidation states S, to S_, were
explored. Deviations from the crystal structure, measured in rmsd’s,
were employed as selection criterion. The protonation patterns that
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showed rmsd’s from the crystal structure ranging within the
experimental uncertainty, ~0.16 A, were then used for calculations
in the third stage (protonation of Mn-CORE-extended). In this stage,
the protonation pattern chosen from the stage 2 (oxidation of the Mn-
CORE) was kept fixed while changing the protonation of the
Mn,CaOj ligands W2 and His337.

Linear Combination of Optimized OEC-Model Structures in
Different Oxidation States. Coordinates of OEC-model structures,
Scombs Were computed from linear combinations of OEC-models at six
different oxidation states (S, to S_,) minimizing the rmsd relative to
the crystal structure according to

@S, + a8y + a;S_; + a,S_, + aS_5 + aS_, = (1)
The coefficients a;, constrained to a; > 0, >.a; = 1, provide the
contributions for the oxidation states S; to S_,. The S_ ., structure
with the lowest rmsdcogrg,pon is determined exploring all g; values in
the interval [0, 1] using increments of 0.01.

comb
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